; e3ecZcTnb6TZoe WO | 12/09907 PCT/U SO 1 /2-4170 METHOD OF CHEM CAL
MECHANI CAL POLI SHI NG FI ELD OF THE | NVENTI ON This invention rel ates
gener al | wg @b field of chemi cal nechanical polishing 5p¢ENR)1/2a170
sem conductor wafers or substrates. Mre specifically, the invention
relates to a method of chem cal nechanical polishing of sem conduct or
waf ers or substrates. BACKGROUND OF THE | NVENTI ON The ever-i ncreasi ng
dermand for hi gh-perforniance mcroel ectronic devices has notivated the
sem conductor industry to design ure Utra-Large-Scale 10
I ntegrated (ULSI) circuitS\Mtrl4m$mmﬂmmmmmmre si ze, higher resolution,
denser packing, and nulti-layer in er.connects. The ULSI technol ogy pl aces
. stringent demands on gl obal planarity on nmultiple layers, called Interlevel
Dielectric (ILD) layers, which conprise the circuit. Conpared with other
pl anari zation techni ques, the chem cal mechani cal polishing (CWP) process
» produces excellent local and glo Mﬁwmmﬂ@ tion at |ow cost, and is thus
15 wi dely adopted in many back-eﬁmmwm for planarizing inter-1|eve
dielectric layers, which are nost oftggssi | icon dioxide (Si02). In addition
to achieving global planarization, CWP is also critical to many energing
process technol ogi e ETHOD 6F CHEMICAEBMEGCIANEGARcPOLISHINGMmSsCcene
patterns, lowk dielectrics, and shallow trench isolation (STlI) structures
(Landis et al., 1992; Peters, 1998). The w de range of materials to be
pol i shed 20 concurrently or se qgkﬁJ+ E N | ncreases the conplexity
of the CVP process and necessitates am understandl ng of the process
fundament al s f or TaRthEGtoRMeRESSeleRilgNo ardficanif chémidabarthamidd pokistimnsi ve
use in ULSI manufacturing, the basic material renpval nechanisns in CVMP are
not yet5 wel (CMR)lef stoeehdutiontyafeyeor sebetzatesn Marp ppackigally. the inygntyon ielatestas s

polishing that the terial renoval rate i r i t he
product of 2 n\f@‘{“lﬁi@‘%ﬁm‘?ﬁ%ﬁ B%%%f}gz(g%lg% @H@Ogg'(éfeﬁée%n%bsé%agﬁsf e and
the relative velocity (Presgoxci3UND Orertht BeVeNgouat i on nmay be written
as d~ = k~"R dt where (err) 1s the thrckness of the Tayer renoved, t the
pol i shing time, [Thtkeeriantensihg demasnd far high-p@farhaneeierpdlecivaiiodévises and kp
is a constant known as the Preston constant.. I n recent l?/eal_rlﬁl, ljrt hgs 1been
denonst r at edtivaied rihe pemicondpeipr incstey, & desigh ape gpaqudactyre U ark4ie gtaltet al s
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particles w etermne the polishing rate of glass. Mre recently, a
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t he vi ng rate is deternined by the convective
. MBSS tr anspafebessitatbdvn \atderstadingsfeiod prscess fundamentals for optimal process design and

control.

Despite its ‘extensi've use in ULSI manufacturing, the basic material removal
mechanisms in CMP are not yet well understood. Long ago, Preston empii'ically found

25 in glass polishing that the material removal rate (MRR) is proportional to the product of



Whet her material renoval is by nmechanical, chem cal, or chenonechanical 25
interactions in the CMP process, an understanding of the contact condition
at the wafeijooed i nterface is inmportant to process char aceEr/ugaiz+om,

nmodel i ng, and optim zation. However, to,date there is no explicit

met hodol ogy in the CWP literature to characterize wafer-scale interfacial

conditions W th.process r S. r t the
waf er hydr 8t aaﬂlégf{ RARTE %@I tﬁg%%%{viesv ggﬁ? ((iI?]rgs?t? ﬁ’u@aﬁi mﬂ&qﬁfﬁset&ﬁet} noPlclj Is’ﬁgo
equation ofe Lykhation to determne the relations anong wafer curvature,
appl i ed WO 02/099117 -3 PCT/USII 1/2-1170 pressure, relative velocity,
slurry viscosity, slurry filmthickness, and pressure distribution on the
.wafer surface (Runnel, 1994; Runnel dcﬁd_ yman, 1994). Anot her group has
assumed the wafer is in contact, or 'g?r”t #1'ky in contact with the pad, and
relate the displacenent of the wafer 'to the pad el astic nodul us and sol ve
- the stress yfHef] s M thidkndes 611a8 Myealenoobd, adic potishiagtias, pdabmfrGhpressuge,et
al ., 1998). Measurenent of the vertical displacenent of the wafer relative
t 0 t he5pad vgtenelatihevetosity, did écis amonstantetowneasithe Brestonfcopgfalit i f yi ng t he
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experinments In planin have been conducted on snal |l er
speci mens (chakas(Nakimarda. et 1985)985; t Komandiebtdt oslabll296)0 sbalexplam tthe
results to a larger size wafer. In general, different, applied pressure,

vel ocity, ®nepostionalitisxpreaichenhaye atsmnted ngudpiheopaigripl reppyal meshipisms
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25 interactions in the CMP process, an understanding of the contact condition at the
wafer/pad interface is important to process characterization, modeling, and optimization.
However, to date there is no explicit methodology in the CMP literature to characterize
wafer-scale interfacial conditions with process parameters. Some researchers ‘have
assumed that the wafer hydroplanes while being polished, and thus solve the Reynolds

30 equation of lubrication to determine the relations among wafer curvature, applied
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the material renoval rate, the CVP process nust be operated in the contact
node at the interface between the wafer and the polishing pad. Hydroplaning
at the iwoanRiW@ee is not a stable process node in terns ofpdies@izbal i ng
point location, wafer curvature, and 30,fluctuations in slurry flow

Accordi ngly, the i nportant issue in CI\/P4process design is to sel ect
process paraneters to maint all n the process in the stabl e contact regine.
Further, tfidsnVehddP-PPhdvé discovered that, within the contact node,

pr ef erred proce frgf"?{x% 9 el 1 “FThER¥tihE
identified acco? ?%L 0 a rrgt]heyrr%%%ia)ﬁ?d%r@ ggﬁlon asgd%sg??sbed below. In
general , a,fEpaoshaPAsdtedo el ovtridaidi Metal Rulishingi 'hSeraicendicamdnief national, er
.Wth a polishing pad is provided, conprising the steps of: rotating any one
or both of Vohd8ppp.il$hildg- pad and the wafer at a relative velocity vR and

th f d i nst th l ,
whereth the val begeoity R otRR B SRER Gl 28T BB BOSRIORIT o
and the V\’abﬁémg 51%#09?&:985 alﬁtM'ﬁEﬁJ&tc Fl8atePolidheie 86 BeEdonoNittine” ABRER Nt

i nvention, chem cal mechanical polishing is provi ded where the
foll ow ng muabhgﬂ‘nb&;l@zti\fmrldﬂ pp. RURT~ C | ~7 ~1) 10 where VR is the

relative velocity of the_paolishing d t.h fer, i,s .he pr ure
applied to the Kapépan, %3 ér qrepsancmgt %Pa‘{‘ﬁe]t{ﬁa’s?qs& g'{ bgﬁlf’ﬁeegi‘cnet ry
of the pol ishin terf | A iRkl PbRsHiRE fof FaBRASdH

the slur rybu%re?fg e par %e%ggggggec escr? l:l)g% 0f urt her eI ow
In a jgrt h@ﬁu@tﬁ&ﬁWMétar FGQtu{stQS Ohiip Interevtiniects,” JaEh?eb haltnoiSoch¥ol.das, pp.

mechani cal 15 ~ polishing is provided wherein the interfacial friction
coef fi ci enBB46&34@hi t ored during the CVMP process to nmaintain the interface

bet ween the wafer t a e

mai nt ai n the ‘?‘S&é g“‘al{) ?heﬂ’fﬁ’&? eﬁqQWoia‘é’gg‘ﬁgnS %P@r%’e éfﬁgmnéelt%
exanpl e, g v@f Lemrfmatuéeesh%p,@atme@ratm JTCRnfitHIIMechagicapPolRhing Wi t h
a polishing pad 1% provided conprising the steps of rotati ng@any one or

bot h of t héntp@NIEBiInggpaet @xrdumMmta&cmler Hitin dokid Félpisy ¥ol, @Eedirt y-V R;
urgi ng the wafer .and pad_ag t each t p ure
rreasugﬁng the fditet$olal DF‘b%crelg 3 é‘g ﬂ}ﬂa%ﬁle%i‘ i%%gmﬁ%q%ﬁagplfﬁbe t he
pol i shi ng; 0 brdmetgoen Vol.
measur emntﬁ?&rﬁ\éé@@%h ﬁ%r%éh eic\%g gﬁﬁléa@%ﬁgmﬁ%Rﬁ g?éﬁgront é. n the0
friction quBfF i st7HAL a val ue of about O. 1 or greater during polishing.
25 BRI EF DESCRI PTI ON OF THE DRAW NGS O her obj e Pfi nd. ad\é?nt agis of the
present inventi daowdRagesyiae Sapdhaie Li¥ed”? ‘h’@ta tign QL Fresiod pquation
descriptio e tny o} f.OVi and
upon refer gﬂ{:%‘ ?g‘e'inhca avma?tlﬁg‘l%l{sﬂﬁﬁwﬁgﬁ%? 1 ;?‘chﬁd p’éﬁgar\ﬁetﬁ SZ(;;% ??ngtlyﬁg

di agrapgs ofjgyhe wafer/pad interface at the contact 30 mode, m xed node and
hydr opl ani ng node, respectively. Fig the effe

1S h s‘bo\M E
the energy flux I’érrkampra,élrm&daamfitalt,& indc by gbOlp B, A BowIET I g ley 3 7L
Fi 3 h
e A N R S5, AR b

nor mal i zed feu Pef%\_/pg rate. Fig. 4B illustrates the effect of the
di nensi onal E aneter on the Preston constant. 5 Frelg. 5 is_a graph
illustrating thePceérB,eo‘,t 2998, h&@utsuing sho et fepla Lawek dPickietiga Jemweaducior

coefficient., Fig s\gﬁ\/\g the rreI ati on between the Preston constant and
the frdct i o’ﬂteéé@fq?ﬁaé 1’Iﬂpg 4 llustrates the velocity as a function of

pressure and Sh%@ﬁ{% 094 19 DRI AOBIAN Sidl Bakd BRI GEMBaIafRIeACIRGGe4IdI Ng
to one aspect of E%?Zise%tgz‘l ‘rit:\?entl on. DETAI LED DESCRI PTI CF THE

| NVENTI ON ThichalidabRbYighing WEnEleadrodieni. Socus‘édl f4r.opghRRA-190k descri ption of
L The Tate of 't nBrmedl. Sibr gpdgerema: Loh- A% STHPRCEr Gl PT-ChErdr
& ot ances. pMEREEHeel PTunE D & RRP R, 30201 TESHIBIENTEL 0 Lhe pad and
the wefer (m Runnels, S.R., Kim, L., Schleuter, J., Karlsrud, C., and Desai, M., 1998, "A

| Modeling Tool for Chemical-Mechanical Polishing Design and Evaluation," IEEE Tran.

on Semiconductor Mfg., Vol. 11, pp. 501-510.



20 VR* = optimal relative velocity (m's) vR = magnitude of the relative
velocity (m's) - viscosity of the slurry (Pas) u = Coulonb friction
coefficiemonmeorul , ,uP - friction coefficients 25 (err) eCt/bsokne®ms of the
material renmoved on wafer surface (m) Cs_ specific heat (J/kg~K) The

i nventors have di scovered that the material renoval rate (MRR) of the

chem cal nechanigal poli shi r WS, | e 0Gess s
carried out suck'PHE? kn?"’ﬂﬂ?reﬁ)gﬁgemg%ﬁgﬁ?‘%%&ﬁ B%@‘é,ﬁ%@?&g@ﬁ% _
substrate siyitRaE oAlYppdFolMUINCyANétaIEzMbTadp B FideSadl, Volt oL frpced2-are in
the contact node~or contact regine. In particular, as described in further

detail bel oM6. during the CVMP process three nodes may V1' O 02/09907 g_
. PCT/ US0112~170 exist at_the . interface of e pad, apd er:. nanel he
contact, hydr opl HaYEY:afid ZRIQGB bo?iﬁ’é’.meﬁe}“g’r H?ﬁsﬁh?g’ ﬁ’-vgi?fegfh% {%’ {19&%
schenati c di M h tkdnAb @ FHAERioN! MidRotRMOARE
-m xed and hﬁg@g M%@%@?@l‘g@%ﬁ@?@é‘zﬁm are shown. 30\ CMP nachi ne, such
as those weg)grkn@vs3, pptd®-251., is used to polish the wafer or substrate.
In 5 general, the CMP nachi ne usual ly includes one or_ mpre pol]j shb&gﬂ

y

stations which sSpigerweld HMpdiipohi Rg Muatkend Ta TRse P-carimass. Bds

whi ch he, waf er . i pe, - d
o neti oo ndaneimpaonety iRt B AP CRpBlee PMehalt Bdtenhl Hr iR topieed (O
applicati O{Etﬁ;?/cri%r@g,”mpﬂeg%gz%&g. ﬁéé,var.tmt,g@t/)z@mm.m A 69175/ MBS) filed

si mul t aneo erew th, and incorporate y reference herein in its 10
entirety. Wil e Surlaspsan,fS.cTiskarp) R.G. Scyivgademarn, DaW.) Mbeark, 8% smd Siillby

those of ordinary skill in the t hat _any suitabl e machi ne be

used to pra®tNet¥Phmel mﬁwnﬂpnﬁﬁi@af&-gﬁ?\&?ﬁw PR lmaélﬁﬁt}qnﬂ\gg%erlrd/ or
polish the surha i dre” Y Bedrad@innSbe. 6. P44, ipphi ng
pad with anﬁ%56%|°fﬁ§é‘%%ﬁ’1é‘2°§‘ur@g°g§“ﬂ%gﬁ‘éggﬁa? i ng pad hés ar’; abcr asi ve sgr%f ace
and 15 a slwgiLyed.s typically placed on the pad to aid in material renoval

f th fi f th fer. Th fer is typically. fed, t

oL 1 Shi g pad moVecT ok ek O naet ooty 105 BucStaudisalliotGiaeRag adef e
f i1 [ | atd vel,agl | sed
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polishing sgegry at the wafer/pad interface, the interfacial conditions can
be characterized as: 20 contact, hydropl aning and m xed node. In_the
cont act node showhabnBRiagd Shi,&.Gt, H89%s Edemiqad desharipp Folinng it FaReogess:

waf er/ pad or_wafer/particle, meghani ' ract. alJy, the real
contact ar eNeyd updame tﬁiaﬁﬁsb%htst’ hg’rPct ﬁ%@n@%ﬂ ﬁgllgs(??ﬂf{aegsér“eja. Pl astic

def ormation occurs on both sdiideeER RO THEANVERTIGROLS. I n the contact
node, the intervening fluid fiTm1s discontinuous and no significant

pressup@ gradi entcedrdingbe it ds e dbRSt ofi thehpresengiinventiomte pregde arpethpdRét er

of the wafer to support the nqornmal | . .This type of contact_ nod urs

in the VWP pheswcplomediaira ﬁellm%{%@?g‘éﬁt é’é?lwf’gé“‘ir%%e‘irﬂaﬁ%@ﬁ 5%’6?‘?‘%35‘8

. pressure ishigh. \gl hi2bbiE QA dtehd Sreb &l MveRfiod © HOAAE almethsdr f ace
asperities, (@ﬁg&f }\?c%r?fbgﬁtﬁggag flﬁglg gﬁ%}bjlggfgﬁlaﬁevel y ﬁi g(k)ler }?han fhat 1of t he

ot her two Magi@sm opkfitdshie acontheghode thetilterficd betwem tho€MR pilishingiped geditbeal |y

in the range of about 0.1 or 30 greater. In contrast, when the vg{lbggjﬁy IS
suffici ent | yafiirgh sybstrate supfprs. e §uphas ther present insjeRppy Provides,¢ method Wik wi 1 |

glide a flui.d filmw.t t dir I hi s WO 02/ 099U7
%9’ perPisar F‘%Phgl%”ieggq%‘e cPr‘S%"lsgﬁu&Jﬁéw{r?g%@?gn ca%lsheg. tpﬁgdsl}lr{'at edinFig. 1C
Since there i s nesGANhRAEsdRBeWadRtdiRINVAfES inaadoRadvadisdozerd that todncrease

frictional force is due to the shear of the viscous fluid film and the
friction codidmatedatremoveaaste; thedCME rsecessiamsiheeanceated mdhe contagh mads 3t tet

de. In the hydrqpl ani the fricti £ i
General 'y | AnieHereEhURPTfe St T befnie byl HVakgiRhe koo Btk TR
bui I ds up in stt%ge }&Eé(ﬁ%ﬁﬁélﬁ&@erinis'dT‘tB@gﬁxmag_tpoiﬁtqpmroﬁ,abvafee@drv@mrém;d

~wafer. It may ote at the pressure gradient is very sensitive to the
waf er gpt ackluenigtiens iA shirirg ibwe hacgedingly the impeorsank issng ineCMPrproegsgiflesigisr y
flow, or a partial wafer/pad contact due to rrelr%g ni C@| Vi brtat l.on, ‘8‘%{
‘result in 40 seleqtPrOSERPAFBFEETSHR MARIRE HICPTFSS WS e fottect FFRmG N Sty and
t he nor nal es ' 5donBlct B&dst p@RBmbtegm t he
cont act rmdgﬂft'18§%§r8#%§§gw$:?%ﬁﬁbsvégﬁﬁtthe m xeﬁg%}c@?feﬁ({lﬁoccuﬂ; when the
velocity is increased or the pressure reduced. In this m xed regi ne shown
in Fig. | B, the velocity is neither high enough nor the pressure | ow
enough to build up a thick fluid layer to support the normal |oad. This
will result in sone contact between 15 the pad asperities and the wafer
surface. The friction force is the weighted sum of the force necessary to
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m xed node is generally in the range of about 0.01 and 0.1. The inventors
have found that as the friction coefficient varies by one to two orders of
magni t udecaempgyt he 20 different contact nodes, the frictponusoeiiioci ent
can be used as an indicator of the vvaf_e(ﬁl_pad contact conditions. The
friction coefficient can be correlated to the Preston constant kP . It is
i ndicated that k creases. signifi.cantdy in i node, and is
not satisf’&@l’b?ﬁeﬂﬁﬁfﬂéc’?ﬁ@_@ét%ggﬁ lIPea%f%lc!el?llé’BFg?g%%gﬂ)egﬁ%'of kp . Gven
this teaching, jhenRF8SERbihbAbeMenabaldvechbivaldReishial acaries ofa wafer whe CVP
process in the contact’ node to increase the material renoval rate at the
surface of a pbiishimd qrad i¥ipeoviliad, pomprsisgitke staps PBdotting aam dneal ol ofclie

- substantially throughout, in the contact.node aper.at i at, high.k

regi nes. | prlishineded aue Msitafen a2 gglptiye VERc Y e T%B%E}@%ar}?rr?nfjﬁ@é g%ar‘l‘?sgct
mode, {he mRtnhod. of g il ! eSS b Und TakThrhHat the

- product of °4¢ eo?féegp%tiatéldﬁ)g?ﬁgg}S‘%tguﬂg%%ezaﬁgﬁ%%ve gob\?ﬂg‘] ofi ty pvR 2.1 A range
of pressurpgerfiRd beRlREIthd S5l @ldeh6 Waferhteinahe oonthaigndde. t he present

invention. In particular, the applied pressure p is _in the range of about
14 to 70 kPa, ahdamwher gapesterfaibe presant maentionya Bethad qitchemicah mephanical The

relative velocity. VRi.g jn,th 02/0')907. - / USQL/ 2- 1170 range of
about 0. OSP?LE)S%H?%‘SW%YIE%H}‘%?@ %ﬁgm%%ﬁ?g rhlst%gs&gge of about 0.4 to 2.0
ms. To further understand the nechq,niﬁgl@‘/ e contact reginme, we %er
again to the Preston equation, Eq. {f{. Thé terial renoval rate ( )
deriveg fromeexperd ierkRtitd VEloenper iheglishial padesa thdedfdr/p tethaipresbicow) ,

is plotted against the product pvR as 5 shown in Fig. 2. Literature data on
Cu pol i shi agplicBttavtreewafestand|C, is 4 68Btaqt Bt isirelatedtto she geonpyy)of fhepodishing
included in the plot and the corresponding conditions are shown bel ?w in
Tabl e 6 i ninteréaceand masbineadesigaendn is the vispesitpeal bshusy ysed n FQ{&A?@%%“ art pat

t he presen ta are ohtai.ne , t neutral slurry over a w de range of
pvR val ues?:haﬁBF%:&%S’ 4 eﬁcf’{’]%‘f%?gb%%‘fva represent chenical nechani cal
polishing but oygh MBrha" h@Wct 8NAE pRiselt iaNehti, ¥ MetiidtEoNElbeniod neehiudcal,

however, shoul d not depend on the chem st r_y_of the slurry. Thus, if the
nmecham$ sm pblishngeisipabvidedobhetein the irderfadidlditiéen ¢nefficipntds monitpred guripgtheor

pvR, the scatter in the. data should be small and t sl of |l i ne_ drawn
t hrough t h&MNBPEPCRE IR pRaIRtaInthgInisriace tbeﬁwﬁ?}hti‘f’ E’ﬁ?e.r a‘f?ﬁ”ﬂ’ﬁ‘?g’gh %oélt?afcéllmgﬁ’ t he
data clearl GirRhE TMIB pFRRS! Afihe profd grafial paRfRtadt Formi 9. 3
shows a pl 8¥d§%?¥iﬁglglgrgté%%€tﬁln§%§stan ver sus ep R for%?Srat hgppreseng ]

exper i ment akarflplegmathddioficiseeniobitradchenicilrpoiishing alsitfereatfavefer with speipbmgent

that the data are widely scattered because the wafer/p i nt.erface, i s not
in contact phé#s Rfﬁ@dﬂ%j?‘éﬁlp‘iiﬁ}“%ﬁletsﬁésﬁf}F?@%‘P&@é’.OnFr?ﬁQ?thtogﬂt?é’(Oﬁlgl?m%B?q Wt e

the effect of ceantact L the: ' hd-Rhst CEIDMBEr A3,
\VRR 2na (Rt BREGF & reBE vhicptr s R R Ao THAAS Al R SO,
20 a di mengpeRe pre@usdBigdasiigy the fidionahforces gaterated bptietpud ofid whfer dining y .
NVRR is the thickness of material renoved per _ unit, distance slide, or

MRR/ VR . | t thepelifbing: seterpining the frigdonnpatiicisnigfrernsaid: fistion meaneemsit: #ks not

depend on the applied pressure .and the velocity. ' (O
b o, SRR G B P B Bl |
“constant" (ﬁ# @yéreggegauﬁﬁ%b&yghmgﬁ’/ p, i.e., in the contact node, and 25

drops down after the critical valu denoted as Rl p)c. The experi nment al
resul 28 show that the trBRS NES(nvR p)c for both

pressures. This jnplies tha he Ptn con Iantis dependen f
pressure and vel 83@?”{ @Jﬁﬁé ﬁm{ ‘?‘i{é( %ﬂ@ﬂsfﬂﬁrfﬂ?ﬂ@ws@é% ‘gllﬂﬁc&ﬁg g%p(?%ﬁrgg?o%d e.
After the t&%ﬁ%fﬂeﬂ@taﬂgg%wﬁf)ﬁ&h SHikSihoehtfoAnl &t apHardea dRfths Hovided bdow,
.increased or p decreased. It 1s also apparent fromthat the Preston

const ant shgdupbheefBfensanethtdeawings it hdichof friction coefficient (shown in

Fig. 5), and the_transition in kp.occurs at_about the sa val yes of nvRl p
I'n the transi t¥igs HagiGare %Ch@nﬂ%glta&?“@o%&ﬁﬁ’f afF'%PBrﬁ]o‘Pter;P agmt- 11

PCT/ USQL/ 2- 1170 1. ' jty. It is found that kp
vari eg(aés (IH%%’6%‘1?%&gleorafqﬁﬁégg@r?gfaggﬁt{%ﬁ%?g%p &gl\%wat 48 kPa in the m xed
regi me. The vari pigl 2hs 9brdph shewingehexfiéaiofitie dnerdyeftuxsoroCu rérmowhidte.i ng
interfacial conditions as follows. In the m xed node, the friction
coefficient decreases with nvRip which 5 inplies that the wafer/pad contact
area al so decreases with nvRI p. The |ack of contact further reduces the
material renoval rate since the fluid shear and the notion of the | oose
particles in the discontinuous fluid filmcannot apply sufficient pressure
on the wafer surface and renove material. Wth increasing nvR p, particle
rolling wll increase and particle translation will decrease. In fact, sone
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A cross plot of the Preston constant versus friction coefficient is shown
in Fig. G Before the transition point, i.e., at the beginning of the m xed
node, thgoRnasépn constant and friction coefficient are pesiUSMelyo
correlated; the correlation coefficient~is alnost 1. 20 However, the
Preston constant shows | ess correlation'with friction coeffici ent with an

increase of nvR p in the rth

variation in thglgqétléﬁggﬁpwﬁﬁ‘ﬁﬁg&?gog eééegwtftﬁ %“uefr ﬁ{e% H@%ﬁ%@?&:&g £ Thus,
contrary to thegp R f K sBbs ARCHRE of BRVERINSBAL SERERENGS thd Renftized Cn
constant is not 't y constant over the different contact regines. 25 O

parti cul ar ragyantatge, the nethod of the present invention enploys the

. effects of the paraneter nvR p gn t r|ct10 coeffici ent d the, Preston
constant to profoeg-éh iHepteredbe ?ng"é‘i’ﬂ%? 5%%\93? Papamgter o Pprf‘{)[%g%n 8k a

certaip slurry ty h t /

- del i negt ed in t#é 1% a raé}éﬁggﬁsﬁﬁfm{& ﬂb%{te&f @@@@g&@g}) (%I?gigei?zmﬁﬁg poi nt
(nvRI p)c fQﬁnétllbﬁngfﬂc%tfromthe cont act m)de to the m xed 30 node (see
Fig. 5, aline L, with the slope (nvRip)c is drawn in Fig. 7 to represent
the transition pognésshbws b foomelation hesyaqy e BWQ‘OVeQOGé‘iaP‘i ard the, &iclay on
bounded by L1 _and the WO 02/ 09907 - 12 PCT/ US01/2~170 p-axis represents
the cont actofE@ENtSi ni | arl y, another line, L2, with a greater slope to
represent the trgp Sthllggr ftésotrﬁletd%ﬁ)cﬁ&)‘a%da mloh%ﬂﬁl@sshbﬁjﬁlﬁplswmﬁrdmﬁéﬂ is
drawn. The regi on“boun cfl 2 and"the vR-axis represents the hydropl ani ng
node. 1fhe rRgintdierd b ey ttwselettedmdcdramgetproes emest @ﬂﬂae piegend imsaition.Accor di ng

to the present inventi on °D \tI in the contact
node, i.e. the reglon b e il 7. In

particular, the vaé;j, fd;lr m@r &degt out
the CWVP process faii 3@’ égbgr%f:%ﬁ&? q%divﬁgﬂg{d tulP('i)l% v%§%~ > 1) where

VR i s the rigléakion@ndsd @&fided a9f the polishing pad and the vvafer pis the
pressure 10 applied to the wafer, and C is a constant that is related to

the geonetrhy of the poli sthgtOnr@t)@SWé&@%d machi ne design, and n is the

o T tHS prebent i nverts on. te st erRRLcEE Bnsiiog B RFRRoh A"F ZITTE 8
o] present invention (s ou o 1x10-
neters. Inﬁhe preferred eg&%yl },urebﬁv@ﬂ&l%\)/ﬁhﬁ) to increasing the MRR the
present 15°‘ nvention provides fox reducing t m’r)Wthl n-wafer non-uniformty
(WWAU). The® WWNU i s=t he dpgmealmophahmessune (MWmm) ty of the |ayers of
material across the surface of the wafer. Referring again to t he
I f]&* h f f th f Ref gf Eq. 1 h
pvR productr,shoul d be=as hdgtana@sh?bwinmgéw’dmfﬁ@ﬂé%ﬁs‘@a erapdiipgeenterof the o
hi ghest velocity avail able i in the contact regine for a gi ven
pressure, and vice versa. ?ﬁ$§rﬁ£‘§ zrs(mt)hat the preferred processing 20
condi tjons are | ocated on lJemeygls)y @ high pressure requires a
sturd 0 machi®e structure, 8 Emh“é%ﬁllglragfll y%@e/t ss)an upper limt for the
appl i cabl e pressure. Eurt hefagnatdeofithgfelahesslocitydnds) a smal | vibration of
t he machi ne mght result in Iarge fluctuations on the nornmal |oad and
friction fopce at the=waf evispadityofithagtiriy(Pes¥ ace, and thus increase the
W WNU. These consi derati ons sug est t hat ressure increase cannot be
unlinmted. 25 SinilarFy, {rotioggogidic E@?tl es are not desirable
because it is difficult to &Eo%ﬁefﬂ?eﬁté uid slurry on the platen at high
vel oci ti es. #rit Hrnventor s ﬁ:% covered that an even a nore inportant
consi dgg atign for the-procegickmas oMk eiteddl ronessioewafedswiceCn)y i s t hat
of heat genération. The rate of thernmal energy generation due to friction,
P, can be ekpressed as 30 Rpecifigheat (VkgKdpva Thus, the higher the val ue of

Ty D801 2" 171 THg et ofeve sisedura. s RSP remtal i VpiRkEy, ¢Phe
i nvent or Spow&ﬁ{% a{ng%Lg&nor M}Jﬁe%s@% rbaé@wﬁ@{thaptdl@smcﬁtrmet er

Cu waf er ressure and a velocity of 0.5 nis and
.is about 80 oWstheha‘t tedhiepfaed cdnditondetveseatthowaler bt subaliraie Sltr&?s@n@th?r(él\@nd
vary the chenical reaction rates |ocally nd t hus dterlor

pol | shBhg URPHEHRS pyd (qurfp@deamfaeq b, BF renamoge s, SPAY Fedfif, n
efficiently re uRA S¢cdftrdd rvddsah

t hr ough theP |n{ae} agle%%?cy%r%gﬁt oc%/ct/EﬂEven ﬁuﬁ?@?}?&%ﬁg cool i ng of theg’, pad
and the wafer carrier, the heat renoval rate can be linmted due to the | ow
t hermal conductivities of the silicon wafer and the polishing pad which is
typically made from pol yurethane. To address this issue of heat generation,
one 10 enbodi nent of the present invention provides for establishing an
upper limt for the applicable pvR product. This upper limt for heat
generatl on |s ‘set as pvR = CZ V\/nere CZ |s ‘a constant that ~depends the

Y Y Y - "



- routine ex er|

15 A preferred process condition (p*, VvR*) may be defined by the
intersection of pvR=C2 * with L1 . Operation of the CVP process in the

m xed anwgnedwadynam ¢ nodes is not optinmum for reasons cp¢EUSEARIG0Er. |t
shoul d be understood that the constant is not fixed, and that
appropriate external cooling may be installed in the poI i shing head and the

platen to i e.the.effici st ant
C2, and 20° %nﬁﬁgﬁ}eﬁate&%%?f tﬁ? de%ll}cg‘&a%fg%reng condr far& é’%ﬁ?‘ﬁﬁégﬁg‘é‘;‘ggs ed on
changes i nybhgs VakRerifg (CRigsAIAGS TCI Scheafic agdams tillusadidhg itienahfeepadi ng
nmeans such as external coollng, a higher MRR can be achi eved by i ncreasing

the p*VR* jmtarfieein thEootthesmixkdandhieoplpniag tiodas, respegiviely, gsshowmsA kddRani cal
. vibration, slurry retainment, and t nost re er,r ed

h |
pressure aWGCl%‘éF:éBFI% gs thasqwell kngyi tg%ﬁ%v@ﬁ&%ed&%ﬁ’ggge&‘g%‘faf%ﬁf A t& d TR *:
25 hougever Se*’ﬁ”h?éi".f%’k‘ gg Jﬂﬁl‘ri‘?f ﬁ%fuﬂgs &ﬁlo&'ﬁ'ﬁ)r%[?ﬂlsﬁﬁlggﬁh@ﬁﬂmgﬁisﬂiﬁﬂoﬁs

e teachi ng the present 1nvention. For

exanpl e, Ufie @n@hﬁllhhgs phdand owater oReRL asemblyswhich |sm1g)drtaehetilwfepr Onesxanaypid
appl yi ng Eq. , one can characterize the contact g@rre and then .
identify t nféa EA\é}hmaphmﬁ thasimay boresed do pragtiee thegretped ﬁf d)rﬁ%?afemvafﬁtpn 1s

det f d d t |
OvP rachi nbesehe in P RRGR PR SaRNG O REE 0L ERnorRby Ak NBA 0
of chemic a159 1 75%8@%4’11@(98?14%%@@&19%%&3&1 ﬁﬁ@lmbfbcﬁﬁé@ B réfaten®OhdrsiniinGtsi S

carried out such that the followng equation is satistied: VRP < Cz (3)
wher el0/R aagtirptyarWhids outedpieciéid exdiople ingieGit will trapwiacstoed byrthessef prdinayaci al
friction coefficient and the th conduct i vi t of the hacki m and

t he pad, aFlél lip theapiihatanysudshle @M%ma{sme H@éﬁ’ea‘ﬁ RS %ﬂﬁﬁ@%?k@@
above C2 éghtLiH‘Pe%oh' mt which constrains the applied pressure and
relative v T5e ty paranmeters due to heat generation. Preferably this upper
limt C2 is sel gotpishaside hnd/bgiolish ehetsarfhes afithe wafer ghe tmafemstirgedapainsytheer at ed

fromthe products of vRp, does not exceed about 10 degrees K (or. O |, and
nore pr ef epelishingipaskwithan él%&’@é QY%E‘EYGP @“ h@@@}:@ggg rad hay a‘FﬁEraéB’ﬁ §P‘af?ﬂe 3(‘32‘

cenenien’, T A SRR St atntps

t ool i%n v arere ate to
heat gener glaif@n TRB afres t?bicﬁﬁiy tdtated hﬂdkﬂﬁ;ﬁiﬁ%ﬁ@g@hd frfoived dithier Koeaitlyios neayt , t he
t hermal conductivities t he pad and | ts backing film and the cooling
syst em (i . eotatetae vxteﬂesuchlthqi Iﬂcfpeaftsr wil) expferietrs agalaive velpeiter: - WWhen hadvaitre

| at 15.On I f ned
Pipor tant  IPrReeaaansrnaRne 2o gl THEH TSt Ry e P Y e b ishingi
speci fic %nhggd theomfeg mta@a&nqle itdrfies] | AndioNR Yah bEl dhecRYizéd @s:

foll ow ng exa can be determ ned based on the teaching herein.

It i SZ@.SSUﬂBﬁlatﬂ,‘lhydI@pmmg anl mixedhmode.i &t Henedntént anode(showpQn Fig. {AaHuf erred
into the pad, 20 where a is the fraction (0 <.a< 1 is,.the total
ener gy genaFRarkies (@b @Hﬂsmgtsmgﬁﬁer‘ﬁa gr/pad g’ﬁévatf?f{prflr“%‘iﬁfﬁ"ﬁ?lb%‘ cally thFFé“}t‘

Addi ti onal Iy uafl?ethg‘?gal c%nﬁéﬁﬂ‘%%ﬁi‘ﬁcf?%nﬁﬂbxaﬂﬂ% itife nbmfial flrfacB@fda. tPIagss erred
into the pacf e stored In the pad and i ncreases the tenperature

wi t hout di siefqeatatioy ocaire oprbuth gorfeces. at The somtactaspovsor hetlmacsmmcesuodwatthmn | t
can be further assuned that the tenperature raise, é: E@I |for in
the pad andnfresvegmgéwl%f}lnze dsﬁceﬂnweﬂs @%%SIW@?@*H‘? Wﬁ%‘%‘ ad,
and C s the Sp eat t t ant
o 2k (3% ROOG TR RgGR 8O e PY, Bl o mmitthac. cﬂﬁls‘fﬁw

det er M ned FsonfacBMhodé occlidGPtheE CMP Qrathé’h/'hén the gldtive WADCOR/i4JBB0 6r tHbH
PCT/US(I1 /2.1170 where are terns are as defined above. The val ue of the
factor a beppheh peesaurg i8 highistSings 8 dengentirlefores mex@@errpciré?.eh?arn%awfé%nt

ol s ol | aspgides e dRiT faetienS stRlet FiehBPan Bl O plebinRp ol Y 57T
kg for 300 IH‘Thél ntheP@Bde @re #4c6n $bkiGictont (LEdnkrall P{SmItﬁa sarigo T about (00F ob C)

cand t = 2 mn; en the value of C, , which is the maxi mum pvR product, is
about 387 greater

In contrast, when the velocity is sufficiently high or the applied pressure is

relatively low, the wafer will glide on a fluid film without directly touching the pad. This



Wn¥Z. Thus, in summary, C, is used to determ ne the maxi numkp and vR/ p
rati o which provides for carrying out the process in the contact regine,
and C2 pyweMidesyp7an upper limt on the product of vRp to |pawusdii@imnount of
adverse heat generation. By doing so our, 10 goal is to increase the
material renoval rate and also to pronot’e maintaining the WWNU at a

desired | ow lLevel.. |n,another aspect of .the esent i nvention, .t riction
coef fi ci entis the hygrop : Ade Hst? ﬁﬁf‘%&tef‘&’ i‘ E{:as’r?"f’ ng_ o1 3‘@fe;tsbts%?‘?'énent he

contact mogg, A AeEGHIsRESRRRY Bictiolsl thick & dueio #Reh4d 6F MBNiskals ffd Blm.one or
two orders nagnitudes anong the different contact 15 nmodes. Cener al lf\;f t he
friction coglifthefrnbntosfficient @expenetbtovie hudhesmaller Henrimtyeconfactimode. . 1 or

. greater; for the mxed node_in .the E&&] e of, about C%OI to, 0.1,  and fotr t he
hydr odynanithe hudrepieaingraodeth drigfiomersiicignigafoynd tg by gengally ity therapss ¢he

present invent] t.hi s, Wi4Qle. . frlction: jtor
Fhe cofit actoBBh e SOy PREERAHS, S shic ety IR RCOED o
In particul@phport fHeGoh@ll lofd bl theSySEE M 2Ry HBYIokA thRtakupessude pedichyisbyry

sensing the Toad in the systemand/or the torque. Torque sensors may be
instal [ ed tsensitinstortbe afertatinduangdn Alstightothenge ofdhe pitacktangle, Hestopdy shrar r i er

head. Alterpatively, .or itjonally orgue sensars..may. _be_ install to
measure t helrei edine wasHBRb orteeup oF ARt ol YRR m il TR ol
sensors m [ t; isasdd t he
oad | n 1 neels R e BaroBeRLR AR Q' HanbReRciGend e shinTaReHLR

measun® t heefiirahémnale shtdsfieds in two orthogonal directions on the plane in

parallel with the pad surface. Measurenents fromthese sensors .arge then
processed to profs dEransidor rpmihepngastmode iodhe LY&PH’Q“’SS &‘GHHT‘E‘ﬁES To

mai ntai n the..process i R R ?lgf% d. TR¥hi -g&ﬁqg}ﬁt@' 6h
adj ust s thewpg?cafﬁvzle@g\eyéﬁcyg}égn ﬁ%era appIﬂRe gsrr&gésggyggresponguve to the
torque and i@ is BIS OB, HEASIHER S Akither BihExpegh e tepresiine 16wlehowghngbuild
experinments have been conducted. These experinents are provided WO

112/ 09907 - fa BEK/fnidlayer toupportthe nprral faadp Shisqvib resuitinsarmeeqnéast beWgemr e i n

no way, intended . to ljimt e invention | ny. . E i
. blan k)ét5 waf BF PAERETHIES AP &eﬂe%fs&gfaﬁ?'r ;Hﬁg?fiw\é%éwe%ﬁ%u%%{e? 38{\%%{ Y the
model s for g flfce@@amo f&EfoQﬁleﬁﬁ%?faé@dsﬁéﬁh@éI bt SheS@hfel/PAB and\ waBrdgaytidly pe

polisher, as we known in the art, was enployed in the polishing 5

exper i ment scortits, ahdithat fem thed shebr ofiheviseoas siuay fikas The firstansgetiisiant Hdhel

notor by a ginbaling. mechapi smto ali th f aral l.el to the en
surf ace. Tm@‘#e@dﬂo%ﬁﬁflgraﬁﬁ&l @efﬂ}?ﬁﬁggg‘b‘ﬁg)o&@ﬁ%ﬂ n’@ledm’%r&orts a‘(?e@éﬁr e the
frictional | Bk NelriedityeGid BNy ASdethSt hagmiRle Aindngandead
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invention. In particular, the applied pressure p is in the range of about 14 to 70 kPa, and

more preferably in the range of about 14 to 57 kPa. The relative velocity v, is in the
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enconpass t generic aréa as herein discl ’o8ed,” and by e 30 clarns

appenggd her@ienashl phfinict& i YA vaidrs 1 is t @s&ﬁltjd% e/ slurry. NMRR is the
thickness of material removed per unit distance slide, or MRR/v,, .It is apparent now that
the NMRR and the Preston constant does not depend on the applied pressure and the
velocity when 7vg/p is small. It is about 0.2x10-6 MPa-! at 14 kPa and 0.1x10-6 MPa'!
at 48 kPa. The Preston “constant” stays high at low 7vy/p , i.e., in the contact mode, and

25 drops down after the critical value, denoted as (77vy/p).. The experimental results show

that the transition occurs around the same (77v,/p), for both pressures. This implies that
the Preston constant is independent of pressure and velocity when the wafer/pad interface
is in the contact mode. After the transition point, the Preston constant decreases as vy is
increased or p decreased. It is also apparent from that the Preston constant shows the
30 same trend as that of friction coefficient (shown in Fig. 5), and the transition in kp occurs

at about the same values of 7v,/p . In the transition regime, the Preston constant is not
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applied pressure p, wherein the values of p and vR are such that the

interface between th ad and the.10_wafer ,are,in the con t . . The
ot g of andspRRcen O ReRTeRtE o etmnad Al Tatet o PR TRE
enerated by th a fer during,. the polishing. 15 3. The net hod of
gl aim 2 fuﬁglﬁ@ﬂzygﬁg?ﬁ ‘ggd\‘%?m&é‘f g’bj’f#drﬁg%l&ler hepf r: it: o% coefficient fromsaid
friction measur el?%%ﬁaﬁ?x@gf@%ﬁﬁﬂ«% {:Jﬂgl‘ag?&gigl %3 sWFeh i fAn g ferYRid] CortRéisHsal N

. the friction coefficien a va out 0.1 or greater. 20 4. The

met hod of clahivks Mg ke hikfEmbak Ut Oficloh Soéfficlehe déctbges fithahgut whitht o 70
kPa. 5. The nethod of claim 1l wherein the value of pis in the range of

- about ¥4 23pfhAedthak R whfer/fatecomich afta QlsoCd@tdisds whiene)/p. he lacklofecntctvR is
in the range of about 0.05 to 4.0 ms. 30 7. The nethod of claim1 wherein

t he val ue dhrthdR reducesitheheaterdal gemaral svosincdtha fluiol shed and ghe motigp of iy loow( 17

-20 PCT/LI S01./2~ 170.8. Th th f claiml .ein th | f d

VR are sel d@ftidessiidhe @Wn%%%@gﬁém:a{’nﬂg %@’ﬁr@h?%ﬁssﬁ?\/@h g\s?%?&%rr pdggs
t d about 10 d K. .Jh i . j |

of p*and. viiHRe wi brds Sdeis ikitraBrtoRed) st ekt RO et VPR

waf er does &ﬂfclgﬁﬁﬁ%ti&?wgl PecHiogt €83 fict, 1Ome rd¥BirbRAs Afied RS Ht GRbir data

g
mechani cal "polishing a surface of a wafer with a polishing pad and a slurry
at a pol i shivagericallgkd acwunnioa tigMPriatiohiofi @restamironsianty athew prespae of higho

tati both of th |.i shi d and t ti
Vol aci Ly vRelGiG <angiRgs bie pameRTEh NSt L4 At PG GERRPILR %) | od
, . ! Baert Gttt
el at | ons BngpieE oflept Aok BhdfEPydieily @R, b SeblITLACL AT I,

function OfTKe@?rﬁﬁ&%ﬂtthXt ®f inleeagall shehi igesh Bh@ phaick wciocityheiltieshagoe oife t he
CMP machine and n is the viscosity of the slurry, such that the interface
bet ween t hechemdcad nehctipie rate bemasy wansfer fram thevafer surge. Howeverpihe yarpen of
claim10 wherein.C .is,in the.range of oL - . = ers
12. T _rretlﬂér‘é Blllg?gpléﬁ% llﬁeféleii?lmchvéﬁ_ 18%%?‘?%#%5?’%&%?@11&#%@% t‘%e r“%st I on
coef fi ci entypfi¢ QPLBAREY idde I pbétbetd RR8l diferersPlesbieetdnie waf er and the
pad; and 25 controlling the vaPues of p and vVRto maintain the friction
coefficient at aAvadssplafoftisdireston donstantjyessusdrictiarcoefficientis hownde Fig. & m 10

o B i 1o 08 L BP0 et o
(12 21 o R SR o e sl

20 However, the Preston constant shows less correlation with friction coefficient with an
increase of 7vg/p in the mixed mode. Fig. 4B further emphasizes the variation in the
material removal rates with different contact modes. Thus, contrary to the prior art and
the conventional teachings, the Preston constant is not truly constant over the different
contact regimes.

25 Of particular advantage, the method of the present invention employs the effects
of the parameter 77v,/p on the friction coefficient and the Preston constant to promote
increased material removal in the CMP process. For a certain slurry viscosity, the
different wafer/pad contact regimes are delineated in the v,-p space as shown in Fig. 7.
Corresponding to the point (7v/p). for transition from the contact mode to the mixed

30 mode (see Fig. 5), a line L, with the slope (77vg/p). is drawn in Fig. 7 to represent the

transition points for different pressures and velocities. The regionbounded by L, and the
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/ N%gn@raliﬁ%n(. )B QS%Q c{% experiments conducted by the inventors, the typical value of heat

EEEE

generation rate for a 100 mm diameter Cu wafer polished at 48 kPa normal pressure and

a velocity of 0.5 m/s and is about 80 W. The frictional heat generation will raise
temperature and vary the chemical reaction rates locally, and thus deteriorates the

5 polishing uniformity. In the contact mode, the heat generated is not efficiently removed
by the slurry transport since the volume flow rate through the interface is rather low.

Even with external cooling of the pad and the wafer carrier, the heat removal rate can be
limited due to the low thermal conductivities of the silicon wafer and the polishing pad

. which is typically made from polyurethane. To address this issue of heat generation, one

10 embodiment of the present invention provides for establishing an upper limit for the
applicable pv; product. This upper limit for heat generation is set as pvy = C,, where C,
is a constant that depends the interfacial friction coefficient and the thermal conductivity
of the backing film and the pad, and the cooling system of the head and the platen. The
constraint pv, = C, is shown as a rectangular hyperbola in Fig. 7 .

15 A preferred process condition (p * Vi *)may be defined by the intersection of pv,
= C,* with L,. Operation of the CMP process in the mixed and hydrodynamic modes is
not optimum for reasons cited earlier. It should be understood that the constant C, is not
fixed, and that appropriate external cooling may be installed in the polishing head and
the platen to improve the efficiency of heat removal and increase the constant C;, and

20 thus the exact preferred process conditions will change based on changes in the value of
C,. As C,*isincreased with additional cooling means such as external cooling, a higher
MRR can be achieved by increasing the p™vp* product.  Further, for other practical
reasons (such as mechanical vibration, slurry retainment, and the like.), the actual most
preferred pressure and velocity values can be somewhat different from p *and v "

25 however, such actual most preferred values can be determined with routine
experimentation based on the teaching of the present invention. For example, using
friction force measurements during the. CMP process and applying Eq. (2), one can
characterize the contact regime, and then identify the transition point from contact mode
to mixed mode, and determine the most preferred pressures and velocities for the

30 particular CMP machine.

Thus, in another embodiment of the present invention, a method of chemical
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the products of 1I:Rp, does not exceed about 10 degrees K (or °C) , and more preferably
does not exceed about 5 degrees K.

10 The constaﬁt C, is dependent on the CMP machine configuration, and this will
vary for each tool. The machine configuration variables which effect C, are related to
heat generation and are primarily the interfacial friction coefficient, the thermal
conductivities of the pad and its backing film, and the cooling system (i.e. the thermal
properties) of the wafer carrier head and the platen.

15 One example of how C, is determined is provided below. It is important to note
as mentioned above that C, will vary depending on each specific CMP tool configuration
and is thus in no way limited by the following example, and C, can be determined based
on the teaching herein.

It is assumed that a portion of the frictional heat, aQ, is transferred into the pad,

20 where o is the fraction (0 <a<I) and Q is the total energy generated (Q = P-t, where ¢ |
is the total CMP process time). Additionally, the pad is assumed to be adiabatic, i.e. all
heat transferred into the pad will be stored in the pad and increases the temperature

without dissipating into environment. This is a “worse case” estimation. It can be

further assumed that the temperature raise, A7, is uniform in the pad and is given by

25 a Q=mCAT 4)

where m is the mass of the pad, and C is the specific heat of the pad.
Combined with Eq. (2), the constant C, in Eq (3) to define the maximum pv,

product in one example can be determined as:

30 C, = mCAT ®)

aunr,’t
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Thus, in summary, C, is used to determine the maximum kp and v,/p ratio which
provides for carrying out the process in the contact regime, and C, provides an upper
limit on the product of vgp to limit the amount of adverse heat generation. By doing so our

10 goal is to increase the material removal rate and also to promote maintaining the WIWNU
at a desired low level.

In another aspect of the present invention, the friction coefficient is measured and
monitored to maintain the CMP process in the contact mode. As described above, the
friction coefficient varies by one or two orders magnitudes among the different contact

15 modes. Generally, the friction coefficient for contact mode will be in the range of about
0.1 or greater; for the mixed mode in the range of about 0.01 to 0.1, and for the
hydrodynamic mode in the range of about 0.001 to 0.01. According to the present
invention, this wide range in friction may be employed to monitor the contact conditions
at the wafer/pad interface during the CMP process. In particular, friction in the system

20 may be measured directly by sensing the load in the system and/or the torque. Torque
sensors may be installed to measure the torque on the motor that rotates the wafer carrier
head. Alternatively, or additionally, torque sensors may be installed to measure the
torque on the motor that rotates the platen. Further, load sensors may be installed,
preferably on the wafer carrier, to measure the load in the system. Preferably, the load

25 sensors are installed to measure the frictional forces in two orthogonal directions on the
plane in parallel with the pad surface. Measurementsl from these sensors are then
processed to provide the friction coefﬁc'ient using conventional means. To maintain the
process in the contact mode, a controller may be used which adjusts the relative velocity
and/or applied pressure responsive to the torque and load sensor measurements.

30 Experimental '

The following experiments have been conducted. These experiments are provided
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10 respectively. The head unit was driven by pneumatic pistons for vertical motion and for
applying normal pressure. The platen unit is composed of a detachable 300 mm dia.
aluminum platen and a platen motor. Surfaces of the aluminum platen and the base were
ground to achieve a high degree of flatness and surface finish. The polisher was computer
controlled so that the applied load, rotational speeds of the wafer carrier and of the platen
15 could be controlled independently, and the forces and torques on the wafer could be
acquired in real time. The entire apparatus was housed inside a laminar flow module

equipped with HEPA filters to ensure a contaminant-free environment.
Silicon wafer substrates, 100 mm in diameter, coated with 20 nm TiN as adhesion
layer and 1 pm PVD Cu on the top were used as test wafers. The density and hardness
20 of the coating materials are listed in Table 1. A neutral slurry (pH = 7) with Al,O,
abrasive particles was used. The viscosity of the slurry was about 0.03 Pa. Additional

properties are shown below in Table 2.

Table 1 Density and Hardness of Experimental Materials

25 Material Density (kg/m3) Hardness (MPa)
Cu 8,920 1,220 +50
TiN 5,430 17,640 £1,235
Si 2,420 8,776 +570
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pH 7

A commercial composite pad (Rodel IC1400) was employed in the polishing

experiments. The pad comprised a micro porous polyurethane top layer (Rodel IC1000)

10 and a high-density urethane foam as underlayer. The room temperature elastic moduli of

the top pad and the composite pad were about 500 MPa and 60 MPa, respectively.
Further details of the pad are listed in Table 3.

Table 3 Pad Properties
15 Pad Rodel 1C1400 (k-grooving)
Material Polyurethane
Thickness (mm) 2.61 (1.27%)
Density (kg/m3) 750*
Hardness 57 shore D*
20 Pore Size (um) 20-60 (isolated)*
Groove Pattern 250 um wide, 375 um deep with a 1.5
mm pitch, concentric

* Top pad (IC1000)

25 Table 4 lists the experimental conditions employed in this study:
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Each wafer was weighed before and after polishing to calculate the average
material removal rate (MRR). The worn pad surface and Cu-coated wafer surfaces were
observed in a scanning electron microscope (SEM) to characterize the post-CMP pad

15 topography and surface scratches on wafers.

The effects of process parameters on the material removal rate, and the relations
between the friction coefficient and Preston constant are examined. The results show that
Preston constant is indeﬁendent of the pressure and velocity only in the contact regime.

- Moreover, the high correlation between the friction coefficient and Preston constant in the

20 contact mode allows the use of monitoring the friction coefficient in-situ to monitor the

material removal rate during the CMP process. Asillustrated, the MRR isincreased when
operating in the contact mode as provided by the present invention.

The foregoing description of specific embodiments and examples of the invention
have been presented for the purpose of illustration and description, and although the

25 invention has been illustrated by certain of the preceding examples, it is not to be
construed as being limited thereby. They are not intended to be exhaustive or to limit the
invention to the precise forms disclosed, and obviously many modifications,
embodiments, and variations are possible in light of the above teaching. It is intended
that the scope of the invention eﬁcompass the generic area as herein disclosed, and by the

30 claims appended hereto and their equivalents.
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mical mec surface o r with a
5 polishing pad, comprising the steps of:
rotating any one or both of the polishing pad and the wafer at a relative velocity
Vg; and
urging the wafer and pad against each other at an applied pressure p,

wherein the values of p and vy are such that the interface between the pad and the

10 wafer are in the contact mode.

2. The method of claim 1 further comprising:

measuring the frictional forces generated by the pad and wafer during the

polishing.
15
3. The method of claim 2 further comprising:
determining the friction coefficient from said friction measurement; and
controlling the values of p and v to maintain the friction coefficient at a value of
about 0.1 or greater.
20
4. The method of claim 1 wherein the value of p is in the range of about 14
to 70 kPa.
5. The method of claim 1 wherein the value of p is in the range of about 14
25 to 57 kPa.
6. The method of claim 1 wherein the value of v, is in the range of about
0.05 to 4.0 m/s.
30 7. The method of claim 1 wherein the value of v 1s in the range of about 0.4

to 2.0 m/s.
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and wherein the values of p and v, satisfy the following relationship:
ve/p =Ci/ 7 (D
15 where C, is a constant and is a function of the geometry of the polishing interface and
the design of the CMP machine and 7 is the viscosity of the slurry;

such that the interface between the pad and the wafer are in the contact mode.

11. The method of claim 10 wherein C, is in the range of about 1x107 to

20 1x10® meters

12.  The method of claim 10 further comprising:
determining the friction coefficient from measuring the frictional forces between
the wafer and the pad; and
25 controlling the values of p and vy to maintain the friction coefficient at a value of

about 0.1 or greater.

13, The method of claim 10 wherein the value of p is in the range of about 14
to 70 kPa.
30

14.  The method of claim 10 wherein the value of p is in the range of about 14
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10 CMP machine including a polishing pad and a slurry, comprising the steps of:

rotating any one or both of the polishing pad and the wafer at a relative velocity
vg; and

urging the wafer and pad against each other at an applied pressure p,

and wherein the values of p and vy saﬁsfy the following relationship:

15 wip =C//n
where C,is a constant and is a function of the geometry of the polishing interface and
the design of the CMP machine and 7 is the viscosity of the slurry; and
v < C, 3)

where v, and p are as defined above and C, is selected such that heat generation from the

20 wafer/pad interface does not exceed about 10 K.

18. A method of chemical mechanical polishing a surface of a wafer with a
polishing pad, comprising the steps of:

rotating any one or both of the polishing pad and the wafer at a relative velocity

25 Vrs
urging the wafer and pad against each other at an applied pressure p,
measuring the frictional forces generated by the pad and wafer during the
polishing; ‘ |
determining the friction coefficient from said friction measurement; and
'30 controlling the values of p and vy to maintain the friction coefficient at a value of

about 0.1 or greater during polishing.



